Two-directional differential phase contrast images were measured using an x-ray microbeam and a double wedge absorber. The wedge absorber converts the displacement of an x-ray beam that is refracted by an object into change of x-ray intensity. The double wedge absorber made it possible to detect values of two-directional refraction angle with rad sensitivity simultaneously. By Fourier integration of two-directional phase gradients calculated from the refraction angle instead of line integration of one-directional phase gradients, we obtained a quantitative phase map without artifacts even when only a part of the boundaries of the object were in the field of view. One of the characteristics of this technique is flexibility in a sensitivity of the phase gradient. By changing of shape or material of the wedge absorber, it is comparatively easy to control the detection limit of the refraction angle.
I. INTRODUCTION
X-ray imaging is an important technique for the characterization of a wide range of materials in both industrial and medical applications. X-ray imaging is classified into x-ray absorption imaging and x-ray phase imaging. Recently, the latter has become especially attractive because a probability for phase shift by an object is 1000 times larger than absorption in hard x-ray region. Therefore, a characteristic of the x-ray phase contrast imaging is high sensitivity for low x-ray absorption objects such as soft tissues. 1 Several methods of phase contrast imaging have been reported. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Among these, the full-field type method such as in-line phase contrast imaging, 2 crystal x-ray interferometer, 3 diffraction-enhanced imaging, 4, 5 and Talbot-Lau type interferometer 6 has the advantage of faster image acquisition than the scanning type method. [7] [8] [9] [10] [11] [12] [13] [14] Therefore, the full-field type method is suitable for in situ measurements. 15, 16 On the other hand, one of the advantages of the scanning type method is that phase contrast imaging can be easily combined with other analysis methods such as x-ray diffraction/scattering and x-ray fluorescence analysis. The scanning type method using a charge coupled device ͑CCD͒ detector [7] [8] [9] [10] is recording the place and intensity of an x-ray beam refracted by an object. A differential phase image and an absorption image are calculated from changes of place of first-moment and integrated intensity of the refracted x-ray beam, respectably. A detection limit of the refraction angle depends on spatial resolution of the CCD detector and a distance between the object and the CCD detector. A scanning x-ray microscope using an aperture 11 is simply and can visualize differential phase contrast effectively without any additional optical components. Differential phase contrast imaging with a segmented detector 12, 13 is a powerful technique to record two-dimensional displacement of the x-ray beam with high-sensitivity and reconstruct phase map with high precision. The detector consists of several segmentations. The refraction angle and attenuation of the x-ray beam by the object are calculated from distribution of counts of each segmentation and sum of counts. On the other hand, a technique using a wedge absorber can efficiently record the displacement of a refracted x-ray beam without requiring a special detector and any optical components. 14 The wedge absorber has a function that converts the one-directional displacement of an x-ray beam refracted by an object into changes in x-ray intensity. In this case, quantities of phase are reconstructed by onedimensional integration of phase gradients, which were calculated from the value of displacement of the refracted x-ray beam at the wedge absorber and the distance between the object and the wedge absorber. However, phase reconstruction by the one-dimensional integration has two problems. One is that the reconstructed phase contrast image contains linelike artifacts since this method is sensitive to noise in measured data. The other is that the phase cannot be reconstructed adequately if an object crosses the field of view along the detected phase gradient direction because initial values of phase are unknown in this case.
To solve these problems, we have developed a simple and flexible two-directional differential phase contrast imaging system using a double wedge absorber and reconstruct an artifact-free phase contrast image from orthogonal differential phase contrast images.
II. EXPERIMENT
Experiments were performed at BL-4A of the Photon Factory, High Energy Accelerator Research Organization ͑KEK͒. A schematic illustration of the experimental setup and wedge absorber is shown in Fig. 1 . White x-rays from a bending magnet were monochromatized by a double multilayer monochromator at 13 keV. The monochromatic x-rays were focused by a Kirkpatrick-Baez ͑KB͒ mirror down to 3͑H͒ ϫ 3 m
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͑V͒.
17 A tantalum pinhole of diameter 200 m was placed between the KB mirror and a sample to cut unnecessary scattering from the KB mirror. Wedge absorbers were made of aluminum. The vertex angle ͑␣͒ of the wedge absorbers was 45°, and the height and width were both 10 mm. The wedge absorbers were placed on the stages, which were composed of x and y stages. The slope directions of each wedge absorber were set along x-and y-directions, respectively. Distances from the sample to the first and second wedge absorbers ͑L1, L2͒ were 155 and 177 cm, respectively.
Three ionization chambers and an x-ray photodiode were used to record x-ray intensity. The first ionization chamber ͑IC1͒ was placed in front of the KB mirror to record incident x-ray intensity ͑I 0 ͒. The second ionization chamber ͑IC2͒ was placed behind the sample to record the x-ray intensity ͑I 1 ͒ transmitted through the sample. The third ionization chamber ͑IC3͒ was placed behind the first wedge absorber to record x-ray intensity ͑I 2 ͒ transmitted through the first wedge absorber for detection of phase gradient in the y-direction. The wedge absorber converts the vertical component of displacement of the x-ray beam ͑⌬y͒ that is refracted by the sample into a change of x-ray intensity from I 2 Ј, which is the x-ray intensity without the sample, to I 2 ͓Fig. 1͑b͔͒. The x-ray photodiode was placed behind the second wedge absorber to record x-ray intensity ͑I 3 ͒ transmitted through the second wedge absorber for detection of phase gradient in the x-direction from the horizontal component of displacement of the x-ray beam ͑⌬x͒. A vacuum path was placed between the second ionization chamber and the first wedge absorber to decrease x-ray absorption by the air.
The sample was placed on the sample stage, which was composed of x , y , z stages. Measurements were performed in step scanning mode.
III. RESULTS AND DISCUSSION
The refraction angles of x-rays by the sample in the xand y-directions ͑⌬ x , ⌬ y ͒ are given by
where is the linear absorption coefficient of the wedge absorber, I 1 Ј and I 1 are the intensity of direct x-rays and transmitted x-rays through the sample, and I 3 Ј and I 3 are the intensity of direct x-rays and transmitted x-rays from the sample through the first and second wedge absorbers. To assess the performance of the wedge absorbers, x-ray intensities were measured while scanning each wedge absorber. Figure 2 shows the relationship between change in x-ray intensity, which was measured by the third ionization chamber ͑IC3͒, and ⌬ y , which was calculated from moving distance of the first wedge absorber along the y-axis and L1. The line in Fig. 2 shows the best-fitting line that was calculated between −150 m and 150 m of ⌬y. These data indicate that values of the natural logarithmic part of Eq. ͑2͒ are proportional to values of ⌬ y . If the detection limit of the refraction angle is defined as three times the standard error, the detection limit for ⌬ y was 0.76 rad. The detection limit for ⌬ x was 0.82 rad from a similar analysis. Although x-ray absorption or scattering by the first wedge absorber was considered to adversely affect the detection limit for ⌬ x , the influence was not significant. The phase gradient for the x-and y-directions can be written as Ј are intensities of x-rays with and without the sample. ⌬y is displacement between the reference x-rays and x-rays refracted by the sample. ␣ is the vertex angle of the wedge absorber.
FIG. 2.
Relationship between natural logarithmic function of recorded x-ray intensity and ⌬ y . The solid line is the best-fitting line of the data.
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where is wavelength of the x-rays. Figure 3 shows absorption, differential phase contrast images along the x-and y-directions of a cross point of the nylon mesh for a transmission electron microscope having a fiber width of about 40 m. The differential phase contrast images in the x-and y-directions were calculated from Eq. ͑1͒ to Eq. ͑4͒. The visibility of the nylon mesh in the absorption image ͓Fig. 3͑a͔͒ is very low because from actual measurements, the transmittance of x-ray is more than 0.98. On the other hand, the differential phase contrast images ͓Figs. 3͑b͒ and 3͑c͔͒ were sufficient to recognize the outline and the continuous of the phase gradient of the fiber along each detectable direction. Figure 4 shows the phase map that was reconstructed by real space integration of the differential phase contrast image in the x-direction ͓Fig. 3͑c͔͒. This method corresponds to a conventional phase reconstruction from only a onedirectional differential phase contrast image. 7 In this case, the quantities of phase for the nylon fiber in the x-direction could not be reconstructed since there were no boundaries in the x-direction of the fiber in the field of view. In other words, the initial quantity of phase ͑0, y͒ of the fiber is unknown in this case. In Fig. 4 , the initial quantity of phase ͑0, y͒ was set to zero. To overcome this problem, Fourier integration of phase gradients in the x-and y-directions was demonstrated. 12, 18, 19 We define a complex function g ͑x , y͒ as g͑x,y͒ = ‫͑ץ‬x,y͒ ‫ץ‬x
Using the Fourier derivative theorem, the two-dimensional Fourier transform of g ͑x , y͒ can be written as
where F denotes two-dimensional Fourier transformation, and k and l are reciprocal space coordinates of the Fourier transformation. Therefore, ͑x , y͒ can be written as
͑7͒
Thus, a phase map can be obtained from the real part of the reconstructed ͑x , y͒.
To avoid divergence of Eq. ͑7͒, the value of the dc component of reciprocal space ͑k , l =0͒ was set as zero before inverse Fourier transformation. This means that a sum value of the reconstructed ͑x , y͒ in the field of view is zero. Then, the reconstructed real part of ͑x , y͒ is not true phase because of uncertainty of the dc component. Therefore, in order to obtain the true phase, it is necessary to calibrate them. Mirror image processing of the differential phase contrast images, which was shown in Fig. 5 , was carried out to reduce the error from edge discontinuity effects 18 before phase reconstruction, and then the Fourier integration of the image was carried out. Figure 6 shows the phase map reconstructed by this method. The quantity of the phase was cali- 
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Phase contrast x-ray imaging Rev. Sci. Instrum. 80, 033707 ͑2009͒ brated using the mean value of the four corners areas of the phase map where are no objects. With this technique, the phase map by the nylon fiber in the x-direction as well as y-direction was retrieved without problems. On the other hand, the imaginary part of the reconstructed ͑x , y͒ must be zero but it has finite value as a consequence of errors in practice. In this case, a standard deviation of the imaginary part of the reconstructed ͑x , y͒ is 0.17. Using relatively high-energy x-rays is necessary to visualize small differences of density in high absorption objects. Figure 7 shows images of polystyrene spheres ͑C 8 H 8 ͒ of density 1.05 g / cm 3 and diameter 50 m on SiO 2 glass of 1 mm thickness. The existence of the polystyrene spheres was slightly recognized in an absorption image ͓Fig. 7͑a͔͒. The transmittance of the x-rays was small under influence of the SiO 2 glass. On the other hand, differential phase contrast images were recorded with higher visibility ͓Fig. 7͑b͒ and 7͑c͔͒. Figure 8 shows phase maps reconstructed by line integration of phase gradient in the y-direction ͑a͒ and Fourier integration with phase gradients in the x-and y-directions ͑b͒. In this case, the phase map can be reconstructed from only a one-directional phase gradient because polystyrene spheres did not cross the boundary of field of view in the xor y-directions. In the case of the line integration method, however, there are many linear artifacts throughout the image under influence of the noise. In contrast, no significant artifacts appeared in the case of the Fourier integration method because the denominator of Eq. ͑7͒ acts as a cutoff filter for high-frequency noise. This phase map was calibrated using data of the phase along the white dashed line in Fig. 8͑b͒ . The quantity of the phase map is a relative value because absolute phases of SiO 2 glass, which covered over the field of view, are unknown in this case. An advantage of this technique is flexibility in sensibility for a value of refraction angle. In the case of a technique using a segmented detector, 12, 13 distance between a sample and the detector is fixed appropriately on the condition of x-ray beam size at the detector. Therefore, detection limit of the value of the refraction angle is fixed by the distance and sensitivity of the detector. On the other hand, the detection limit can be controlled by changing shape or material of the wedge absorbers in this technique. In other words, the slope of data in Fig. 2 was controlled by these parameters. A value of the detection limit on the condition of the vertex angle of the wedge absorber ͑⌬ ␣ ͒ can be estimated by
where ⌬ lim is the value of the detection limit angle ͑0.76 rad͒ that calculated from the standard error in Fig. 2 . For example, by setting ␣ to between 30°and 60°, the value of ⌬ ␣ can be controlled between 0.44 and 1.32 rad. Furthermore, sensitivity for quantity of differential phase is improved using lower energy x-rays combined with suitable shape of the wedge absorber and distance between the sample and the wedge absorbers because the refraction angle varies in proportion to 2 and the value of differential phase varies in proportion to .
IV. CONCLUSIONS
Using double wedge absorbers, we could obtain differential phase contrast images in the x-and y-directions simultaneously. The detection limits of the change in refraction angle were about 0.82 and 0.76 rad for the x-and y-directions, respectively. Furthermore, the Fourier integration method for the phase gradients in the x-and y-directions made it possible to obtain artifact-free phase maps. This technique has a merit of flexibility in a sensitivity of the phase gradient. We have been investigating achievement of higher sensitivity by making the most of the merit and developing a compound system that enables simultaneous measurement of the differential phase contrast imaging and the analytical methods of x-ray diffraction /scattering or x-ray fluorescent analysis.
